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Abstract
Two-dimensional (2D) materials provide an intriguing means to not only study physical
phenomena but also serve as disruptive membranes for ionic selectivity and sensing based
applications. Atomic thinness of these materials affords a unique environment in an all-surface
material to unlock challenges towards improving desalination, energy harvesting and DNA
sensing. This review provides an overview on some common 2D materials used in membrane
applications for solving these challenges along with opportunities where 2D materials could add
value to existing solutions. Following this, different types of 2D materials and structures are
discussed with their relative advantages and disadvantages highlighted. Fabrication and methods
of creating pores within 2D membranes are then presented with a focus on altering surface
characteristics. Selected works within the field are highlighted and placed into a wider context,
comparing their merits and shortfalls. A discussion of state-of-the-art performance for ionic
transport, molecular sensing and power generation is then presented. This review concludes
with an outlook on emerging methods and discussing exciting future directions.
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1. Introduction
We are facing significant challenges to the ways in which we
are currently living: the need to replace fossil fuels for cleaner
alternatives is at a critical juncture; there are growing concerns
over supply of drinking water; and there is an increasing
scarcity of rare earth metals alongside a growing appetite
Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.
for their consumption. One way to address these concerns
is by the use of systems that employ a selectively separat-
ing membrane to extract material, salts or power from a con-
centration fed flow, as summarised in figure 1. For instance,
ion-exchange membranes used within reverse osmosis (RO)
systems [1] are able to desalinate and filter precious materi-
als from waste water. Similarly, energy harvesting has been
demonstrated using the selective ion flux from such systems
[2–4]. However, currently these technologies are held back by
challenges as described in figure 1(a), such as depending on
externally driven processes which are energetically expensive,
reducing the overall conversion efficiencies. There have been
notable improvements in this regard, however opportunities
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Figure 1. Desalination, power generation and DNA sensing applications are described in relation to two-dimensional (2D) materials serving
as the ion-separating membrane. The physical process, essential attributes, goals and challenges are outlined for each application: (a)
desalination, (b) power generation and (c) DNA sensing.
still exist for further process efficiencies in order to achieve
commercial viability [4, 5]. A key improvement is employ-
ing systems which depend on salinity gradients to drive flow,
removing the need for external pumping. Reverse electrodia-
lysis and pressure retarded osmosis systems are examples of
such systems but both require the use of low resistance mem-
branes [6], for which thinner membranes are needed whilst
maintaining mechanical stability, figure 1(b). As well as this,
stacks of both cation and anion selective membranes [7], the
latter of which has only recently been demonstrated [8].
The current ongoing global pandemic has also highlighted
the importance of point-of-care (POC) diagnostics and the
pivotal role they play within healthcare. Molecular sensing
and characterisation is a critical part of POC diagnostics.
Nanopores are able to discriminate between different ana-
lytes with adjustable specificity and are able to be miniatur-
ised into mobile POC units such as the MinION (Oxford
Nanopore Technologies) which uses a functionalised silicon
nitride pore. The 1996 demonstration of sensing using bio-
logical alpha-haemolysin pores [9] coupled with an increas-
ing aptitude of nanoscale systems reignited a fervent interest
toward the field. Leading swiftly on from biological systems
were solid-state platforms which would afford greater control
over the design and behaviour of the sensing system. How-
ever, as in figure 1(c), increasing sensing resolution to detect
yet smaller features coupled with accurate read-outs with high
temporal resolution is an ongoing challenge [10] alongside
reducing the fouling rate of both the membrane and pore used.
With these requirements and applications in mind,
two-dimensional (2D) materials have, in the last decade, been
demonstrated as attractive platforms for applications requiring
control over both ionic and molecular transport. Although the
discovery of graphene was the main instigator, the earlier
arrival of nano-tubes and, later, 2D materials, has led to a
broader focus on other low-dimensional materials, such as
boron nitride and layered materials within the transition metal
dichalcogenide (TMD) family such as molybdenum disulph-
ide (MoS2) and tungsten disulphide (WS2). Within the 2D
family of materials, control over keymetrics such as the effect-
ive membrane thickness, surface chemistry and membrane
porosity is critical in harnessing their potential. The wide
range of adjustable parameters of 2D materials while lever-
aging their atomic thinness results in improvements which
conventional materials cannot compete with. Moreover, func-
tionalising or layering these materials still results in uniquely
thin membranes whilst benefiting from diverse chemical and
physical properties.
It has been demonstrated that 2D membranes can be
tailored relatively easily toward these metrics which makes
them promising candidates for use as ion exchange mem-
branes [11]. Simply by virtue of their atomic thinness, many
favourable transport properties are immediately afforded to
these membranes as ionic/molecular separators or sensors.
As materials approach atomic thickness an intrinsic flexibil-
ity alongside a decrease in fluid flux resistance occurs. By
extension, the all-surface nature of 2D materials makes for
a unique environment with which to study surface effects,
alter surface chemistry and introduce defects/pores within the
membrane. An example of an important consequence of this
is the effect extrinsic surface charging has on the transport
properties across the membranes [8, 12–14]. Therefore, 2D
materials present themselves as an important platform both to
2
J. Phys. D: Appl. Phys. 54 (2021) 183002 M Caglar and U F Keyser
Figure 2. (a) A membrane possessing surface charge is separating a cis and trans reservoir, across which there exists a salt gradient.
Electrodes, for instance silver/silver chloride (Ag/AgCl) electrodes, are within the reservoirs monitor the current and voltage (IV).
Respective IV traces are presented in (b) for each case. (a)i A positively charged surface, and thus pore, exhibits anion selective behaviour
with the IV trace showing a positive voltage offset and negative current offset (red circles), indicating anion dominated transport. (a)ii A
neutral membrane, and indeed one with no concentration gradient, will not experience ion selective transport, with no current/voltage
offsets. (a)iii A negatively charged membrane with cation selective behaviour and positive/negative voltage/current offsets respectively.
study transport phenomena but also in delivering exceptional
performance.
In general, crystalline materials in their defect-free, pristine
state are impermeable toward gases and ions (including pro-
tons) [15] (although there are some notable exceptions e.g.
[16]). Thus for a 2Dmembrane to act as a porous selective sep-
arator it is necessary to create pores in the membrane. These
can be introduced directly using a variety of methods such
as, for example, electroporation [17] or chemical etching [18],
or alternatively intrinsic (‘native’) defects occurring in trans-
ferred chemical vapour deposited (CVD) [19] materials can
be utilised [8, 12]. The benefit of the latter CVD membranes
is that they can be produced at volumes closer to commercial
viability [20–22] whereas pores created by more specialised
clean-room methods (e.g. ion beam drilling) can only be fab-
ricated on a smaller scale. Furthermore, since 2Dmaterials are
synthesised bottom-up, they can be engineered with porosity
or functionalisation tailored specifically for applications [23].
Moreover, larger scale treatments are being developed that
can be applied to membranes to grow or shrink such intrinsic
defects [12, 24–26].
In the following, the methods and techniques being
employed to control the surface and ionic transport prop-
erties of 2D materials will be reviewed with a focus on
their utility in emerging technologies. Firstly, an overview
of different methods of synthesis and production of 2D
membranes is provided within the context of selective trans-
port facilitation—highlighting the lesser and more success-
ful methods. Following this, appreciating the pivotal role that
the surface and substrate play, different approaches toward
controlling surface charge are assessed and how such con-
trol effects ionic transport and electrical properties with
implications for sensing. Finally a brief discussion on the
state-of-the-art performance for ionic transport, molecular
sensing and applications thereof in desalination and power
generation. Subsequently an outlook highlighting emerging
methods and some exciting future directions concludes this
review.
2. Mechanisms of transport
Passive transport across a porous membrane separating two
reservoirs, cis and trans, figure 2(a), can be driven by a salin-
ity gradient across the membrane. For an electrolyte, if the
pore size is larger than one ion but smaller than another,
due to steric selectivity, there will result an asymmetric ion
flow. However such systems require precisely engineered pore
sizes created in order to effectively discriminate between two
ion diameters. For charged species, electrostatic effects will
dictate the behaviour of this transport. Surface electrostatic
charge effects are particularly important for 2D materials
whereby surface and bulk effects are one and the same. For
instance, on water, estimates for graphene surface charge are
∼− 0.6 C m−2 [17] and ∼− 0.16 C m−2 for hBN [27]. The
exact mechanism creating this surface charge is currently not
fully understood but is thought to be due to hydroxide adsorp-
tion around the edge of defects and nanopores [28]. For a non-
selective membrane, anions and cations will jointly partake in
the diffusion, resulting in no net charge across cis and trans
reservoirs. If the transport across such a pore is asymmetric,
the pore is said to be selective. The origin of such selectivity
in most 2D material systems are primarily due to electrostatic
based effects [8, 13, 14].
In figure 2(a) hypothetical cases for a charged semi-
permeable membrane are presented. In all cases, the diffusion
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led transport will result in net ion flow down a concentration
gradient. For a positively charged, porous membrane separ-
ating a cis and trans reservoir as in figure 2(a)i, it is more
likely for a greater population of anions to be at the pore inter-
face. Therefore, the resultant diffusion will be more favourable
toward transporting anions as opposed to cations. Therefore, a
net movement of one type of ion would result in a measurable
selective current and a subsequent reversal potential, Vrev, as










where Ctrans/Ccis are the concentrations in the trans/cis
reservoirs respectively, R denotes the gas constant, T is
temperature, z is ion valency, F is Faraday’s constant and S
is percentage of selectivity. As the name suggests, the reversal
potential is the potential difference required in order to counter
any charge flow. It can be seen from equation (1) that a system
which is perfectly selective would have an absolute reversal
potential of 59.5 mV per decade molar concentration ratio
(M) (mV/log(M))—at 300 K. In such a system, there would
be an exclusive transport of only one polarity of ion however,
in real systems there tends to be some counter-ion flow redu-
cing the selectivity. With an uncharged pore (figure 2(a)ii)
which is larger than the ions that are participating in trans-
port so as to exclude steric effects, no such asymmetric pref-
erence would be expected and thus no selectivity. Finally with
a negatively charged surface (figure 2(a)iii) the increased pop-
ulation of cations close to the surface would likely result in a
cation dominated flow.
Such ionic flow can be examined by applying a voltage
and measuring the resultant current to obtain the current–
voltage (IV) relationship for the system. The shape of these IV
curves can be modelled by the Goldman Hodgkin Katz (GHK)
equation [29]. Fitting to the individual IV curves allows the
calculation of the relative permeability of the individual ions
from which a selectivity can be extracted. However, a selectiv-
ity ratio can be obtained by fitting to the reversal potential
which provides a ready comparison across a range of devices

















where R, F are molar gas and Faraday constants respectively,
T temperature, C concentration and P catan the selectivity ratio
of cations relative to that of anions. In figure 2(b), an example
of such an IV curve is presented for each case. Experimentally
observed values can be fit to the expected GHK values in order
to obtain the selectivity ratio (P catan ) as a fitting parameter. Des-
pite the GHK model being devised in a time before 2D nan-
opores, the model shows good agreement with experimental
studies in 2D systems [8, 17]. The applicability of the GHK
model is limited by assumptions [30, 31], such as requiring
constant electric field across the pore and membrane which
has been confirmed by molecular dynamics studies within
graphene [32]. Another is that permeant ions must not inter-
act and are to exhibit concentrations at the membrane/pore
proportional to those in bulk solution, the applicability of
which is described well by Wen et al [33]. Finally, transport
should be influenced by both concentration and electric fields.
These assumptions hold for free solutions which are not close
to saturation [31]. A caveat here would be that GHK could
overestimate the osmotic potential if the surface conductance
becomes significant compared to the bulk conductance. And
indeed for small nanopores within monolayers, those that are
of a high aspect ratio (pores are larger than the membrane is
thick), a shift from bulk conductance has been reported [34].
In order to account for this an adjustment to the GHK equation
could bemade byweightingwith theDukhin number [24]. The
Dukhin number includes this surface versus bulk conductance
which is particularly important for pores up to ∼10 nm [24].
Although this would make the model more robust, it would
introduce assumptions about the surface charge of the mem-
brane which are often difficult to ascertain. With this in mind,
agreement between experimental data and GHK predictions
[8, 17] would indicate that the physical processes underlying
transport are well defined by electro-diffusion as described by
the Poisson–Nernst–Planck (PNP) equations.
3. Pore geometry
Membrane thickness, pore distribution and pore size will
dictate factors such as degree of selectivity, electrical and
fluid resistance and sensing resolution. As almost all surfaces
possess some surface charge, usually negative [35] as dis-
cussed, electrostatic effects are a significant contributor to
these factors. When a negatively charged surface is exposed to
an electrolyte solution, ionswith an opposing chargewill accu-
mulate in order to screen this charge, referred to as a double
layer. In the dilute solution regime [36], the Debye length,
κ−1 , describes the distance over which the potential at the
surface falls to 1/e of the value at the surface. This character-
istic length is described by the following equation as well as
the approximation for a monovalent symmetric electrolyte in










(z= 1,T= 293 K), (4)
where z is the ion valency, c is the ion concentration, ε0 is
the permittivity of free space, εr is relative permittivity, F is
the Faraday constant, R is the gas constant, T is temperature
and I refers to the total molar salt concentration. An over-
simplified picture of ionic selectivity suggests that overlap in
Debye lengths is required for a pore to be highly selective. In
figure 3(a) the electric double layer is shown for a pore of dia-
meter 15 nm in a 1 mM solution of KCl, a monovalent salt.
The extension of the Debye length from the pore walls into
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Figure 3. (a) Role of the Debye length in characterising pore channel charge. Double layer arrangement and Debye length shown for 1mM
KCl, ∼10 nm and for 10 mM, ∼3 nm. (b) Ionic rectification effect demonstrated in a charge and geometrically asymmetric nanopore, with
an internal potential difference causing an ion flow. (c) Pore conductance elements shown for a nanopore, highlighting contribution from
access and pore resistances to the overall resistance. (d) DNA translocations through nanopores with differing pore diameters with
representative current traces, indicating a tradeoff between event speed and sensing resolution. Panel (d) adapted with permission from [39].
Reproduced from [39]. © IOP Publishing Ltd. All rights reserved.
the centre indicates the areas under an effective electrostatic
charge. For the same pore within a 10 mM solution, the lim-
ited reach of the electrostatic effects renders the centre of the
pore electrically neutral, thus suppressing sensing and ionic
selectivity. There are instances, however, when the Debye–
Huckel linearisation approximation—for which equation (3)
depends—does not adequately model the observed transport
and sensing results. For example, for a concentrated electro-
lyte, equation (3) is no longer valid and a phenomena inter-
preted as increasing Debye length is reported with increasing
ionic concentrations [37]. Similarly, highly charged surfaces
move into a regime governed more by Dukhin length overlap
due to increasing importance of surface (as opposed to bulk)
effects [38].
Asymmetry in transport can also be a result of the shape and
size of the pore leading to rectification of the current. Recti-
fication, figure 3(b), where charge flows preferentially in one
direction, is the result of several phenomena such as surface
charge, selective transport and pore geometry [33]. Wen et al
[33] attempt to disentangle some of these effects and find the
pore angle and size to be significant contributors to the over-
all rectification ratio. Namely, the sidewall angle, θ as denoted
in figure 3(b), should be less than 90◦ to observe rectification
with no rectification for purely cylindrical pores (θ= 90◦). In
addition, as θ approaches zero, the effective pore thickness,
heff as in figure 3(b), will reduce. Rectification can be desirable
and has been explored as a way to enhance selectivity and thus
increase viability within energy harvesting applications [40].
The conductance of a pore is also an important consider-
ation for pore characterisation. Figure 3(c) presents a pore
within a thin membrane. Determining the conductance of a
pore in such membranes are non-trivial as the membranes
are relatively thin and thus access resistance effects are more
significant. The pores therefore exhibit an access resistance
[41] in addition to a channel resistance, taking these two
parameters into account, and modelling the pores as having a
hyperboloidal channel, as opposed to cylindrical, Kowalczyk










where σ is the solution conductivity, l is the (effective) mem-
brane thickness and d is the pore diameter. This relationship is
supported by empirical evidence with a 20 nm silicon nitride
(SiN) membrane. An interesting consequence of this model is
that the membrane thickness could appear to be thinner than
the physical thickness [39].
Monitoring conductance also underlines the use of nan-
opores as sensors by means of resistive pulse sensing tech-
niques. As first demonstrated by Coulter [42], an absence of
charge within the nanopore ‘channel’ due to the inclusion
of a translocating species results in a conductance decrease,
which manifests as a decrease in measurable current across
the pore. Figure 3(d) demonstrates the expected conductance
for a single translocation event across three pore geometries.
As a consequence of both equation (5) and the relative electro-
static length scales (as discussed with figure 3(a)), larger pores
result in a reduced sensitivity to a translocating molecule. The
conductance response change therefore reduces in magnitude
however increases in time, an important trade-off in signal-to-
noise and sampling rate. Events that occur faster, with a greater
drop in conductance, require a higher sampling rate and thus
introduces amplifier limitations alongwith increased sampling
of noise.
The pore size and membrane thickness will also impact
upon the effective sensing region for a particular pore. The
point at which the electric field drop is greatest is where the
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Figure 4. Selected advantages and disadvantages to some two-dimensional materials and structures as ion separating membranes are
presented. (a) Monolayer graphene, (b) hexagonal boron nitride (hBN) and from the (c) TMD family, molybdenum disulphide (MoS2) and
tungsten disulphide (WS2) is featured alongside (d) nanosheet membranes and those with 2D lateral channels.
sensing occurs and this coincides with the narrowest region.
Therefore, in order to increase the sensing resolution, it is most
desirable to make the sensing region as narrow as possible.
Reducing the membrane thickness and pore diameter are two
ways to accomplish this and translocating a well character-
ised molecule, such as DNA origami with features placed at
known spacings [43], through such a pore would establish the
sensing region [44]. However, both of these changes carry a
reduction in total translocation time and thus require higher
sampling rates which could be hindered by electronics with
limited temporal bandwidth [45].
4. Types of 2D membranes
Within the group of 2D materials, graphene and hexagonal
boron nitride (hBN) are two popularly grown membranes.
Much work has focused on these two materials, with their
diverse properties serving as good comparisons for perform-
ance. As a semi-metal, graphene is a very good electrical
conductor with recent work demonstrating room temperature
electron mobilities of ∼30 000 cm2 V−1 s−1 for CVD grown
graphene [46], figure 4(a). This is in stark contrast with, for
instance, hBN which is an insulator, figure 4(b). Within the
transition metal dichalcogenide family of materials, molyb-
denum disulphide (MoS2) and tungsten disulphide (WS2) have
been used in promising applications such as solar cells [47],
photodetectors [48] and single-layer transistors [49]. As a
semiconductor with a band-gap controllable with the layer-
ing,MoS2 presents another set of unique characteristics, which
are summarised in figure 4(c). All four of these materials are
widely grown using chemical vapour deposition (CVD) which
is a scaleable process, enabling future fabrication of large area
monolayer membranes. Alternatively these, and a whole host
of other crystals, can be mechanically exfoliated, providing
pristine 2D material but severely limited in area.
Moving away from atomic materials, there are a host
of materials which are inherently thicker, such as graphene
oxide, 2D materials supported on thicker materials or indeed
stacked 2D materials. In figure 4(d), two such structures
are highlighted—nanosheets and nano-lateral channels. These
are formed from 2D materials into thicker structures which
provide extra mechanical stability and leverage properties
from other 2D materials in a heterostructure. Nanosheets
membranes are particularly easy to fabricate and in relatively
large areas however do not serve as sensing platforms and
rely on an energetically expensive pressure fed system. On
the other hand, lateral channels, though thicker overall, form a
narrow angstrom scale channel which can be used for sensing
and ionic selectivity. Their fabrication is trickier but the use of
multiple materials results in ready functionalisability.
5. Substrate and surface treatment
Creating pores and altering surface properties of 2D materi-
als remains an essential pre-processing step in subsequent use
of 2Dmaterials in most applications. These methods can range
from intensive processes such as electron beam (e-beam) litho-
graphy tomore in situmethods such as chemical etching. Here,
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Figure 5. Surface treatment and fabrication of nanoporous membranes. (a) Electroporation used to nucleate defects and enlarging pores.
Intrinsic defects in graphene are grown using chemical etching (b) as shown by changes in selectivity. Multivalent ions (c) and lipid
monolayer (d) on graphene and hexagonal boron nitride (hBN) to alter surface charge as evidenced by selectivity and Raman spectra. Panels
adapted with permission from: (a) [51, 52], (b) [12, 54], (c) [8], (d) [55]. Copyrights 2015 AIP Publishing; 2018 IOP Publishing; 2015,
2017, 2020 American Chemical Society; 2016 Royal Society of Chemistry.
an overview of these processes will be presented alongside a
discussion of their merits and challenges.
5.1. Membranes with pores
Figure 5 presents methods which are applicable either in situ
or, at least, outside of a clean room. Demonstrated by
Kwok et al [50], applying voltage pulses across a silicon
nitride membrane results in the creation of nanopores by caus-
ing a breakdown in the dielectric material. This was extended
by Kuan et al [51] and applied to graphene, figure 5(a). The
authors demonstrate the application of long 7 V pulses to a
graphene membrane supported on silicon nitride (SiN) to nuc-
leate a pore which they grow to a desired size by applying short
5 V pulses. This process was also shown towork forMoS2 [52]
with a TEM image of the subsequent pore shown in figure 5(a).
This method of pore creation relies on using resistance meas-
urements to characterise the size of the created pore. However,
the simplicity of this electroporation method means it is diffi-
cult to ascertain as to whether or not a single pore is created,
as opposed to a collection of smaller pores. Moreover, it is not
possible to control precisely where pores are created. There-
fore as a stochastic process, electroporation suffers from little
to no control over the pore position and distribution [53].
As a similarly wide area treatment, two methods of chem-
ical etching are shown in figure 5(b), (i) is a water assisted
laser treatment of WS2 [54] and (ii) is potassium perman-
ganate (KMnO4) in situ etching of graphene [12]. The WS2
sample supported on SiN process achieved growth of existing
defects and a minimum nanopore diameter of ∼15 nm. How-
ever, the photo-oxidation process for WS2 was not demon-
strated to have fine control at the smaller scale of pore diamet-
ers. In figure 5(b)ii the ionic selectivity toward KCl is shown
for samples of graphene. The graphene is supported at the tip
of a quartz nanocapillary and is immersed into a solution of
KMnO4 for up to 20 min. Walker et al [12] report a 4 times
increase of membrane conductance at 20min of etching and an
almost complete reduction of ionic selectivity. Although not
characterised by the authors, in order for selectivity to decrease
to this level, nanopores would need to grow to a diameter of
well over 100 nm [17]. Despite their merits, thesemethods suf-
fer from a lack of control and the reliance on intrinsic defect
structures for pore nucleation means that the success of these
methods will heavily rely on, and vary with, the parts of a 2D
material that are sampled.
Figures 5(c) and (d) present methods of altering surface
charge of a 2Dmaterial. By a phenomena referred to as ‘charge
inversion’, the charge on a surface can be flipped in polar-
ity by use of multivalent ions [56–58]. This is demonstrated
in figure 5(c)i with ionic selectivity trends across two salts
for both monolayer graphene and hBN on quartz capillaries
[8]. When measuring the transport of hafnium tetrachloride
(HfCl4), Hf4+ and Cl− ions, Caglar et al find that the selectiv-
ity is dominated by anion transport [8]. In the monovalent case
with potassium chloride (KCl) they find cation selective beha-
viour. Figure 5(c)ii further confirms this charge inversion by
presenting the change in peak positions of the Raman spectra
from graphene samples. For graphene floating onHfCl4 the 2D
and G peak positions are blue shifted indicating a more posit-
ive surface charge and the positions red shift for KCl, indic-
ating a more negative surface. As a reversible process, this
presents as an efficient in situ way to alter the surface charge,
however is limited to certain salt conditions.
Figure 5(d) presents another way of altering the surface
charge by exposing the surface of graphene to lipid groups
[59] in a way which encourages formation of a unilamellar
lipid layer on the surface of the material [55]. The charged
nature of the lipid groups results in an effective surface charge
shift as confirmed by shifts in the Raman spectral peaks. The
authors also found that this temporary lipid layer provides
the graphene with better mechanical and electrical stability.
Their findings confirm previous work which demonstrated
electronic modulation of graphene due to the presence of a
lipid bilayer [60]. However, an increase in the effective mem-
brane thickness due to the lipid groups is a less desirable
consequence, alongside limiting the temperature and pH of
7
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Figure 6. Surface treatment and fabrication of nanoporous membranes. (a) Atomic layer deposition of nickel onto graphene in order to
reduce porosity. (b) Defects in graphene grown using ozone plasma treatment as shown by changes in selectivity. Focused electron beam (c)
and focused ion beam (d) drilling alongside electron beam (e) and ion beam irradiation (f) to create and grow pores within graphene, hBN
and molybdenum disulphide. Panels adapted with permission from: (a) [61], (b) [12], (c) [62], (d) [63], (e) [64], (f) [65]. Copyrights 2014,
2017, 2018, 2019 American Chemical Society; 2017 IOP Publishing; 2017 Springer Nature.
subsequent experiments in order to keep the lipid molecules
stable.
In figure 6, clean-room dependant processes for altering
porosity in 2Dmaterials are presented. Although these are gen-
erally more intensive processes that come with higher experi-
mental overheads, they allow amore controlledmanner of both
fabrication and characterisation. In figures 6(a) and (b) surface
treatments that close and open pores respectively are presen-
ted. Figure 6(a) shows how atomic layer deposition (ALD) of
nickel onto graphene can be used to fill defects [61]. The ALD
layer is insufficient to evenly coat the membrane resulting in
deposition preferentially coating defects before forming a thin
film [12, 66]. In addition to nickel, alumina (Al2O3) depos-
ition has been shown for graphene and it has been demon-
strated that for a coated membrane, the selectivity level remain
at levels similar to an untreated membrane [12]. However, the
selective ion flux reduces [12] (figure 6(b)) indicating that the
ALD is preferentially shrinking defects as opposed to coating
the entire membrane. Exposure to an ozone plasma has been
shown as an effective wide area treatment for both graphene
[12, 18, 67] and hBN [68]. Walker et al [12] show that there
are minimal relative changes to ionic selective transport across
untreated graphene, graphene coated with alumina and also
graphene treated with an ozone plasma. Although, perhaps
expectedly [17] the voltage selectivity is similar across the
treatments, the selective current, figure 6(b), is significantly
altered. For a membrane undergoing a 20 s ozone treatment,
the selective current is 8 times greater than the untreated CVD
membrane, whilst through the alumina coated membrane a
near-zero current is measured.
Electron and ion beam irradiation are powerful microscopy
and fabrication tools. They can be used in a ‘wide-field’ irra-
diative manner or in a much more focused beam. Figures 6(c)
and (d) present illustrative cases for electron and ion beam irra-
diation whilst figures 6(e) and (f) look specifically at focused
beams. Exposing 2D materials, or thicker membranes such as
SiN, to a high energy beam will cause some damage to the
material surface. Continual exposure will cause nucleation of
defects and subsequently opening of larger pores. These pro-
cesses provide a high degree of control but are time intens-
ive and thus suffer from low throughput. Moreover, unlike
electroporation, they cannot create pores in-situ and instead
must be carried out within a clean room by highly trained
individuals.
Figure 6(c) demonstrates a use of electron beam irradiation
as applied to hBN by Gilbert et al [62]. Upon exposure to
an electron beam, the hBN layers are stripped in steps until
a monolayer and then a nanopore remains, as indicated by the
annotated ‘1’ in figure 6(c). Crucially, the subsequent nano-
pore edge is atomically pristine. The authors note that when
applying a similar method of pore fabrication to graphene, the
subsequent pore geometry is highly irregular compared with
the triangular pores seen for hBN [62, 69]. Another technique
employed in pore creation using ion irradiation involves only
nucleating defects [70] which can then be subsequently grown
by other means, such as chemical etching or ozone treatments.
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Figure 7. Layers of 2D materials to create a network of connected nano-channels. (a) Lateral channels formed using spacers, showing high
ionic selectivity [85] and (a)ii formed using stacks of nano-flakes of graphene oxide (GO) [86]. (b) Membranes formed by layered materials,
without spacers, to alter surface properties, (b)i MoS2 and graphene structure used to sense DNA [87], (b)ii charged GO layers used to alter
selective ion transport [88]. Panels adapted with permission from: (a)ii [86], (b)i,ii [87, 88]. Copyrights 2020 American Association for the
Advancement of Science; 2019 American Chemical Society; 2014 John Wiley and Sons.
Beam exposure will cause damage to most materials,
however, the nature of this damage could have consequences
for the pore geometry and chemical make-up and will depend
largely on the ion and its accelerating voltage [71, 72]. For
instance, in MoS2 the damage caused will result in preferen-
tial ejection of sulphur atoms from the crystal [73], and thus
mono and di-sulfur vacancies are more predominant [74, 75].
In order to create pores in graphene, a higher displacement
energy and thus beam current, when compared to MoS2 or
hBN [76, 77], is required and therefore it is more challen-
ging to precisely create smaller pores [62]. Schneider et al
[78] demonstrated pore creation using 300 keV in graphene,
which is indeed too high for fine control. There are some con-
flicting opinions on the precise energy needed to eject atoms
from graphene [76, 77, 79–81], however empirical observa-
tions have shown atom ejection to occur not only at lower
energy levels of 60 keV [82] but also by use of an unfocused,
relatively low energy beam to grow nanopores in graphene
[70]. This is important as if these processes can occur at lower
energies, there is greater control over pore size—especially
at the smaller end. Furthermore, a lower beam energy would
result in much less localised and long ranging damage being
incurred.
Ion sputtering refers to the process of atom removal, or
ejection, when accelerated ions are incident with a surface
atom. An important step in sputtering is controlling expos-
ure time in order to create a precisely sized pores. Li et al
[83] found that sample temperature, ion beam duty cycle and
the beam flux to be key parameters in determining the expos-
ure time. Thiruraman et al also demonstrated the effectiveness
of using photoluminescence (PL) as a characterisation marker
when creating pores in MoS2, they varied the ion dose until
the PL from defects fell sharply [63]. Figure 6(d) presents
an image of monolayer MoS2 having been exposed to a vari-
ety of Ga+ doses [63] producing defects by ion sputtering.
Within ion irradiation, due to an ion being more massive than
an electron the particle-surface interactions will be specific to
the ion being accelerated. It has been suggested that ions cause
greater displacement and atomic sputtering than that caused by
electrons [71, 72].
Figure 6(e), f presents the case of focused electron and ion
beams. Focused, or condensed, beams allow for precise single
pore formation. Figure 6(e) shows the creation and growth of
a nanopore in an exfoliated MoS2 monolayer supported on sil-
icon nitride [64]. A relevant advantage of using a focused beam
for pore creation is that the pores tend to be stable over time
and seem to, in graphene at least, not cause long range defects
such as folding or warping which are typical artefacts from
such methods of pore creation [84]. Moreover, this method
affords flexibility in the sort of geometry produced that can
be produced in addition to nanopores, e.g. nanogap or rib-
bon structures [84]. Finally, shown in figure 6(f) a focused
ion beam produced a nanopore array in graphene [65]. Using
a focused helium ion microscope (HIM), with exposure time
controlled from 0.4 s up to 1.15 s in steps of 0.05 s, the array
seen in figure 6(f) is produced. This demonstrates the control
exercised over both the size and positioning of the pores.
Overall, wider area treatments such as those discussed in
figures 6(a)–(d), enable a higher yield but at the expense of
precise control whereas the lower yield processes (figures 6(e)
and (f)) produce well characterised, high quality pores. All of
these processes can be used in tandem with those discussed
in figure 6, allowing the further growth of pores or altering
the surface charge—leveraging the advantage of these more
precise methods and those of the in situ methods.
5.2. Layered membranes
Moving from subtractive to additive processes, without dra-
matically increasing membrane thickness overall, 2D materi-
als have been used as building blocks in order to form 2D chan-
nels. Figure 7(a) presents such a ‘lateral’ channel through a
stack of 2D materials. A combination of monolayers of hBN/-
graphene allowed Gopinadhan et al [85] to create channels of
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only a few angstroms through which to study ionic transport.
The results in figure 7(a)i demonstrate that mono and divalent
ionic solutions are completely excluded through the channels
whereas proton transport via hydrochloric acid (HCl) is per-
mitted. Here, selectivity is dictated by the channel height in the
lateral flow [89]. Mouterde et al [90] employ a similar device
to study the streaming currents in long lateral channels in both
graphene and hBN devices, showing the behaviour of ionic
transport in confined channels. Channels withMoS2 side walls
have also been studied [91] and found similar confinement and
steric exclusion.
In figure 7(a)ii a laminated graphene oxide structure is
presented [86]. Flakes of 2Dmaterial, or graphene oxide (GO),
are compacted into a membrane forming a network of con-
nected nano-scale channels. Such laminated membranes are in
themselves quite thick (∼70 nm in this case) and are usually
supported on yet thicker substrates. However, they are of note
here due to high selective permeances achieved. Nie et al [86]
used smaller GO flakes to form the laminated structure lead-
ing to faster selective transport through the membrane. Chen
et al [92] use a reduced GO laminated membrane structure
with angstrom scale channels providing orders of magnitude
increased performance compared to conventional membranes.
However, these membranes, though impressive, require sig-
nificant driving pressure are not, overall, nanoscale. Finally,
MXene membranes have been shown to facilitate selective
transport via nanoscale channels [93]. Ding et al show that
such membranes support both cation and anion selective beha-
viour and could extract up to ∼4.6 W m−2, making important
strides towards commercial viability.
Heterostructures, figure 7(b), made up of 2D materials
could be devised to make use of characteristics from mul-
tiple materials in a single device. A graphene/MoS2 hetero-
structure [87] presented in figure 7(b)i demonstrates how the
bio-compatibility and aqueous stability of graphene is lever-
aged with the photoluminescent response of MoS2 to cre-
ate an electro-optical DNA sensing device. This demonstrates
a novel way of measuring the presence and characteristics
of DNA without the need of a nanopore. However, the het-
erostructure and lateral channels introduce added complexity
within fabrication limiting larger scale applications. Although
Loan et al report detection sensitivity for DNA in the attomolar
range [87] detection across a material dimension greater than
a single atom will always result in a lower theoretical sens-
itivity and resolution. Another approach has been the use of
charged GO layers, figure 7(b)ii [88]. The authors stack negat-
ively and positively charged GOmultilayers forming a hetero-
junction leveraging the membrane polarities. Proton transport
is seen to change its preferential direction depending on how
the membrane flow is driven. This presents a tunable method
of altering selective flow with potential for uses in energy and
sensing applications. Such heterojunctions have been demon-
strated using 2D materials; Lin et al [94] present a method of
bottom-up growth of monolayer tungsten diselenide (WSe2)
on monolayer graphene. This flexibility in bottom-up growth
highlights the advantage that 2D materials have in creating
novel quasi-2D structures—albeit with significant fabrication
overheads [94].
Thus, although these structures create an overall thicker
membrane, the use of nano-scale channels preserve resolu-
tion performance. The fabrication is more difficult but enables
functionalisation and combination of 2D materials within the
structures, making use of diverse material properties.
6. Performance as salt separators
6.1. Ionic selectivity
Pores are necessary within membranes to facilitate both ionic
and molecular transport. Therefore, demonstration of select-
ive ionic transport and likewise by sensing translocating
molecules, serve as common characterisation methods for por-
ous membranes. However, beyond demonstrating membrane
porosity, ionic transport is both important for understanding
transport across membranes and for applications in desalin-
ation and power generation. Ionic selectivity, or ionic rejec-
tion, is accomplished by steric rejection/dehydration and/or
by electrostatic repulsion [95]. For instance, charged func-
tional groups at the edge of nanopores could be responsible
for the electrostatic repulsion which lead to selective transport
[96]. Related to this, chemical functionalisation at the edges of
pores containing carbonyl groups are responsible for selectiv-
ity toward K+ versus Na+ ions [97]. This attempts to mimic
the behaviour of biological pores.
Complementarily, steric and dehydration assisted salt
rejection is shown clearly in controlled confined channels
[85, 90, 91]. The confinement introduced by the nanopore or
channel, is effective at steric rejection at, or just below the
hydrated ion diameter—however, an entropic barrier is also
introduced in pores at, or just larger than the hydrated ion. This
barrier comes from the limited geometrical confirmations per-
missible for the ions passing through the pores, reducing the
likelihood of passage [98]. Pore size is therefore an import-
ant factor in determining selectivity, figure 8 presents reported
selectivity values as a percentage of perfect selectivity shown
against the reported pore size. The colour of the data points
refer to materials, whilst the symbols refer to the particular
work.
Mogg et al use mechanically exfoliated hBN and graphene
crystals on SiN apertures of 2µm [16]. Using Raman spec-
troscopy, the samples are determined to be free of long range
defects. Additionally, no gas permeation is measured through
the monolayers, which would imply that the materials are
defect free [15]. Having characterised the membranes, they
proceed to measure selectivity with hydrochloric acid (HCl)
and find that only protons are able to permeate through both
graphene and hBN. Therefore, a selectivity of∼100% ismeas-
ured. However, no experimental results are shown with other
monovalent salts or indeed any multivalent salts. This result
would therefore remain as an outlier when compared to the
remaining body of literature who insist on the presence of
pores to accommodate transport across 2D crystals. As is evid-
ent from figure 8, a high degree of selectivity could be attained
with only a ∼4 nm pore—characterising this magnitude of
defect would be incredibly challenging with Raman spectra
alone.
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Figure 8. Reported values for ionic selectivity are presented against the reported pore size. Pore sizes are reported as circular diameters.
Selectivity here refers to the percentage of the theoretical Nernst potential and is presented as an absolute percentage. Where pore sizes are
not reported they are estimated from conductance data (Walker et al) and where selectivity is not explicitly stated, the reported membrane
potentials are used. Data are from [8, 12, 16–18, 85, 91, 99–103].
Contrastingly, CVD membranes which have been wet
transferred onto quartz capillaries are presented with a simil-
arly high selectivity [8, 12]. CVD membranes exhibit defects
which are intrinsic to both CVD growth and wet transfer
processes [19]. However, the nature of relying on stochastic
intrinsic defects results in a lack of control and high variabil-
ity across samples. When characterised, Caglar et al found a
combined total pore size to vary across both hBN and graphene
samples ranging from 10–20 nm [8]. The authors sealedmono-
layers onto quartz capillaries with a ∼150 nm opening to
measure the ionic transport for a variety of salts, shown in
figure 8 is for KCl andHfCl4 [8]. In graphene, a total combined
pore size of 21.8± 9.2 nm was found to have a cation selectiv-
ity of 91%, meanwhile the hBN sample has a total defect size
of 13.3± 3.18 nm and selectivity of 58± 6%. Using multi-
valent ions the authors find that due to surface charge inver-
sion, anion selectivity is reported—graphene with defects of
12± 6.6 nm achieved anion selectivity of 96± 9% and for
hBN 10.1± 2.3 nm, 61± 16% anion selectivity.
Walker et al [12] use a similar method and therefore, here
also, the reported conductances are used to estimate pore
sizes and thus represent the summed total defect area. The
hBN samples had a combined defect area of equivalent to a
circular pore of diameter 14.5± 4 nmwith a 78± 9% selectiv-
ity. Across the graphene samples, the pore size was on aver-
age 7± 3.6 nm with a cation selectivity of 92± 13%. ALD
surface treatments applied to closing pores reduced the size
to 0.5± 0.1 nm and selectivity reduced to 61± 12%. Mean-
while, ozone plasma was used to grow pores to 5.4± 1.9 nm
and 10.5± 3.3 nm with almost identical cation selectivities of
∼70± 15% but with reportedly higher selective fluxes [12].
This indicates that both ALD and ozone treatments are effect-
ive in controlling selective flux, and thus extractable power,
whilst maintaining selectivity.
As discussed previously, electroporation suffers from a
similar reliance on overall membrane conductance to infer the
total pore size but provides a method of altering porosity with
a reasonable degree of control. Rollings et al use electropora-
tion on CVD grown graphene samples supported on a SiN sub-
strate [17]. Pores of varying sizes are created and grown using
this technique. The cation selectivity with KCl ranges from
81%± 13% to 92%± 5% for 7± nm 2 and 11± 2 nm respect-
ively. Rollings et al also report observing selectivity up to a
pore size of 100 nm, consistent withmany others [8, 101, 104].
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Electroporation has also been demonstrated with monolayer
MoS2 on SiN [101] both TEM and electroporation are used
to create pores. Selectivity is reported for a 15 nm pore with
23± 3% cation selectivity for KCl.
Ion beam created pores in polymer (PET/PCTE) supported
CVD graphene are used to measure ionic selectivity [18, 102].
In the case of O’Hern et al, the graphene is first exposed to
an ion beam to introduce defect sites which are then grown by
an etching process. Pore sizes are estimated at 0.4± 0.24 nm.
Membrane potentials are estimated from a measured cell
potential using activity coefficients. This yields a peak 4 mV
offset for a 10 minute etch. The value is obtained with KCl
at 0.5/0.167 M concentrations corresponding to a 12%± 4%
selectivity. This is surprisingly low and within the bounds of
experimental error [18]. Similarly, Ghosh et al use heavy ion
beam irradiation to create pores on the order of 8 nm with a
reported selectivity of ∼54± 6% towards monovalent salts
[102], which is lower than expected levels. For instance, Wyss
et al also used a polymer film support (PCTE) [103] with the a
double layer of graphene used in order to provide extra struc-
tural stability. Etching is carried out through a mask to achieve
pores of around 20± 10 nm. Selectivity toward cations in LiCl
is measured to be around 70± 8%, which is more in line with
expected values for monovalent cation selectivity.
Also worth mentioning here are nanostructures created
from nanomaterials that are not in a monolayer form. As dis-
cussed earlier, Gopinadhan et al measure complete salt rejec-
tion through channels as small as 0.3 nm [85]. Specifically,
they measure no conductance for mono- and di-valent salts,
with the exception of HCl for which they observe conductance.
This implies a salt rejection of 100% across salts. Selectivity is
estimated from the provided data—voltage offsets are repor-
ted as 24 and 32.3mV which are used to calculate a selectivity
of 47± 7%. Similarly, Esfandiar et al use thick graphitic lay-
ers that are sandwiched with a monolayer MoS2 spacer form-
ing a long nano-channel measuring around 0.7 nm± 0.1 nm
achieving a selectivity of around 50% toward cations in KCl
[91]. These studies highlight that high levels of selectivity can
be attained in thicker, and thus stronger, membranes.
Finally, so called ‘sieving’ of ions are achieved by stack-
ing cascading nanosheets creating irregular paths through the
structure. Hirunpinyopas et al demonstrate the use of stacked
nano-sheets of MoS2 atop a polymer supporting film (PVDF)
to form a membrane. The formed nano-channel is estimated
at 0.9 nm± 0.3 nm. Selectivity is measured toward AlCl3
whichmeans the cation possesses a+3 charge—thus requiring
some caution when comparing to monovalent ions. A cation
selectivity of 33% is reported. Upon functionalising the walls
of the nano-channel, the selectivity is increased to 54% [99].
A similar finding is reported by Hong et al using nanosheets of
graphene oxide providing 1.05± 0.15 nm channels supported
on Si with a cation selectivity with KCl of ∼80% [100].
Overall, figure 8 demonstrates that a range of selectivity
levels across materials have been shown in literature. Studies
featuring very small pore sizes, around 1 nm, report selectiv-
ity levels less than 60% whereas a bulk of work report val-
ues closer to perfect selectivity for pore sizes of around
10 nm and above. Recently, Thiruraman et al [105] created
sub-nanometer pores in MoS2 finding them to be almost
non-selective as the pore sizes are comparable to the hydrated
ion size. Membranes consisting of such very small pores res-
ults in a very high resistance and thus introduces difficulty in
measuring much smaller currents. Therefore, these structures
are not only easier to fabricate but also reduce the membrane
resistance/increase the selective flux.
6.2. Desalination and energy harvesting
The clear application of this selective transport is in desalin-
ation. However, with most membrane based systems reliant
on pressure to force fluid through the membrane, the systems
became less energetically favourable, as discussed in figure 4.
Graphene oxide and other ‘sieving’ membranes are popular
candidates. For example, Hirunpinyopas et al [106] presents
the feasibility of dye-functionalised MoS2 laminar desalina-
tion using pressure, achieving higher salt rejection compared
to GO. Without using pressure, Surwade et al [67] demon-
strates desalination through perforated monolayer graphene
supported on silicon nitride. Pores are estimated at ∼1–2 nm
created using oxygen plasma exposure and thus distributed
over the whole membrane. Raman spectral peak intensities
characterised the membrane with the d-peak and g-peak ratios
as ID/IG = 0.6 indicative of significant defects. They achieved
a 99% reduction in permeate conductivity and filtered 2.6 ml
over a 24 h period. This compares to only a 29% reduction
in permeate conductivity and 7.5ml filtered from a SiN pore.
This indicates clearly that graphene has a significant to role
to play compared to more traditional membranes such as SiN.
However, the relatively low yield of filtered water presents the
challenge—applying pressure would reduce energy efficiency
and could rupture the thin membrane but could increase the
yield.
Closely related to demonstrating ionic selectivity is the
ability to extract power from such a membrane. Commercially
applied pressure retarded osmosis membranes achieve around
1–10Wm−2 with the likes of Nafion and polymer membranes
falling in this range also [107]. For single pores in MoS2 ran-
ging from 2 to 20 nm, Feng et al report 1 nW power extraction
per pore with a density of 3× 106 W m−2 [101]. For pores in
graphene, the estimations are less than that ofMoS2 but greater
than a commercial nafion membrane. Both Walker et al and
Rollings et al calculate an extractable power of ∼700 W m−2
through graphene pores [12, 17]. Whilst Caglar et al estimate
this to be in the range of 1–2× 104 Wm−2 for both graphene
and hBN exhibiting an average combined pore size of∼20 nm.
Overall, the competitive promise of these membranes in power
extraction demonstrates how disruptive 2D materials can be if
the challenges presented in figure 4 can be overcome, primar-
ily, membrane fouling and enclosure design such that high
pressures can be withstood [108, 109].
7. Performance as DNA sensors
Demonstration of DNA and molecule transport across nano-
pores enables the nanopore system to be used as a sensor and
also confirms the presence of nanopores of at least ∼3 nm
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Figure 9. (a) Tungsten disulphide membrane with ∼7 and ∼4 nm pores shown to sense translocating double stranded DNA (dsDNA)
molecules with a close up of select events [111]. (b) dsDNA translocation events shown through a 4 nm pore in molybdenum disulphide
alongside a scatter plot indicating some event discrimination [116]. (c) Translocations of dsDNA through a 4 nm pore in hexagonal boron
nitride (hBN) [113]. (d) Translocations through titanium dioxide (TiO2) supported nanopores in graphene [112]. (e) Single translocation
events shown in the forward, black, and reverse, red, directions of dsDNA hairpin structures through a glass nanopore [43]. (f)i, (f)ii: Noise
characteristics are compared for suspended graphene [121] and TiO2 supported [112] along comparisons to silicon nitride (SiN)
membranes. (f)iii, (f)iv: present noise characteristics for electroporation created pores in graphene suspended on glass compared to the noise
in ‘as-grown’ graphene and the glass alone. (g) Noise characterises are shown for a range of layers of graphene, highlighting reduced 1/f
noise as the layers increase [122]. Copyrights 2010, 2017 American Chemical Society, 2020 John Wiley and Sons, 2013, 2017 Springer
Nature, 2015 IOP Publishing and 2013 AIP Publishing.
diameter in the membrane. Surfaces and nanopores within 2D
materials hold great promise in the sensing area, with recent
work suggesting that small defects in DNA backbones could
even be detected [110]. The chief tradeoff in nanopore sensing
systems are to do with the sensing resolution and the signal-to-
noise ratio (SNR). Atomically thin membranes achieve a very
high sensing resolution but introduce a tremendous amount of
electrical noise, making the signal harder to interpret. Also, a
thin membrane results in a fast translocation time, requiring
high sample rate amplifiers which add complexity and addi-
tional noise. In figure 9, some demonstrated translocations
across a range of materials are highlighted, alongside discus-
sions around performance and tradeoffs. Further, challenges
such as noise and molecule discrimination are discussed with
examples.
Tungsten disulphide (WS2) monolayers exhibit a direct
band gap and strong photoluminescence (PL) in the vis-
ible range, opening possibilities for advanced optoelectronic
applications [111]. Danda et al use focused electron beam
to create pores of about ∼4–6 nm in diameter on silicon
supported WS2. Translocating 15 kbp double stranded DNA
(dsDNA) through the pores results in the traces seen in
figure 9(a). For the 7.1 nm pore shown in black, the accel-
erating voltage is 200 mV, resulting in a slower translocation
time but a much noisier baseline current when compared to
the 400 mV used for the red trace. In both cases, they find
that translocations occur in three orientations, as shown by the
three traces, unfolded, partially folded and folded. Unfolded
translocations account for 22% of events for the larger 7 nm
pore and only 4% for the smaller 4 nm pore—these are in
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line with other observations [64, 112, 113]. The authors use
a high concentration (3 M) of KCl for the translocation exper-
iments due to the reported reduction in DNA-graphene inter-
action [114]. Reduced interaction would reduce the likelihood
of pore blockages however could also decrease the transloca-
tion time or discourage pore entry altogether [115] due to a
reduced population of DNA around the pore.
Recently, Thakur et al demonstrated wafer scale fabrica-
tion of devices capable of nanopore sensing [116]. The authors
use monolayer CVD MoS2, through which DNA transloca-
tions have been demonstrated previously [64]. The authors
demonstrate that short strands of 100 bp dsDNA can be sensed
through a 4 nm pore created using electroporation. Sensing
much shorter strands of DNA are more challenging given the
faster translocation times. Figure 9(b) shows the current trace
obtained from the events with a 500mV driving voltage. Over-
all, the authors observe a current drop of ∼25% which is in
line with other observations seen with dsDNA through MoS2
[73]. The authors find that dwell times for the translocation
events are increased [117] relative to studies with other mater-
ials. This is due to DNA interaction with 2D surfaces, includ-
ing MoS2, with such interaction increasing likelihood of pop-
ulations of DNA in the affinity of the pore. A consequence of
this is the observed increase to translocation times. Another is
an increase in pore blockages. Moreover, molecular dynamics
simulations have also shown that pore engineering techniques
could slow down translocations across MoS2 pores [118]. It
has also been shown that the surface of MoS2 can be used to
detect DNA presence with very high mass sensitivity (∼3zg)
[119] and attomolar concentrations [120], although detailed
information of the DNA structure is less easily inferred from
these methods.
In figure 9(c), an example of translocations through a 4 nm
TEM drilled pore on hBN is shown [113]. Exercising control
over this TEM drilling will dictate the geometrical makeup of
the pore which is known to alter base level resolution [123]
in hBN. A mixture of 48.5 and 10 kbp dsDNA in 1 M KCl is
used with an accelerating voltage of 150mV. The authors are
able to detect these translocation events which show some dis-
crimination in the peak depth versus duration scatter plot. Not-
ably, Zhou et al find that a UV-Ozone treatment can be used
to decrease the hydrophobicity of hBN—reducing the contact
angle from 57◦ to 26◦, significantly increasing pore wetting
[113]. The hydrophobic nature also results in reduced dsDNA
interactions the hBN surface, compared to graphene, indicat-
ing that translocations could occur in a stall-free manner [10].
Merchant et al demonstrate DNA translocations through
graphene nanopores [112]. Pores are created using TEM
drilling with translocations demonstrated for 22 nm pores.
However, the authors found the noise of such large suspen-
ded areas of graphene to be overwhelming, diminishing the
SNR. In an effort to reduce the noise, Merchant et al coat
the graphene with 5 nm of titanium dioxide (TiO2) which
was found to reduce the noise by several magnitudes [112].
Figure 9(d) represents the translocation events from the sub-
sequent coated membrane—with pore sizes of ∼7 nm. The
top two traces are from similarly sized pores with 100mV
driving voltage and 1 nM of 15 kbp dsDNA. Despite identical
setups, the conductance, baseline noise and events do not coin-
cide. This suggests that the pore geometry, graphene quality
and TiO2 coating homogeneity will have significant effect on
the DNA–graphene interaction. The final trace is for a simil-
arly sized pore with 20 nM of 400 bp dsDNA being driven by
150 mV—once again the pore conductance scaling is incon-
sistent. This highlights a difficulty in altering a monolayer
with a surface coating with a sufficiently thin layer as to not
compromise the unique qualities of the 2D monolayer. Sim-
ilarly, Rodríguez et al have decorated graphene nanoribbons
with iron oxide nanoparticles (Fe3O4), demonstrating single
and double stranded DNA sensing with noise an order of mag-
nitude lower than un-decorated graphene [124]. Finally, with
an alternative take on the matter, Ganguli et al functional-
ise DNA strands instead of the surface [125]. The graphene
field effect transition (GFET) device leverages graphene’s high
DNA absorption in order to increase sensing sensitivity [125].
In an effort toward achieving DNA sequencing through
2D nanopores, an iterative step could be sensing molecules
attached to a DNA molecule. An example of such a structure
is a so called ‘DNA ruler’ which is a 7228 bp dsDNA strand
with DNA folds every 1032 bp containing a total of six folds
[43]. The expectation would be that the translocation of such a
molecule would result in six measurable peaks in the conduct-
ance changes. Figure 9(e) presents data of such translocating
events through a 14 nm quartz nanocapillary by Bell et al using
4 M LiCl and a 600mV driving voltage. The authors find that
the resultant translocation events present the expected peaks
and can be seen in both forward and backward directions as
depicted. Achieving performance comparable to these solid
state pores but through 2D nanopores is an outstanding chal-
lenge and perhaps will be a defining one for the future use of
2D nanopores in a sensing application.
This demonstrates clearly the common problem with 2D
nanopores and membranes in general; a high degree of noise
with SNR levels which make event detection very difficult.
One way around this is to support membranes which will sac-
rifice the overall thickness but, as found by Zhou et al [113],
results in a significant reduction of 1/f noise in hBN pores
when the supporting window is increased in size. Similarly,
Merchant et al find that noise through graphene nanopores
are several orders of magnitude higher than SiN nanopores—
the noise fluctuations are reduced only with a 5 nm ALD
of titanium dioxide [112] as shown in figure 9(f)i. Similarly,
in figure 9(f)ii. [121], noise characteristics through graphene
with a 10 nm pore is compared against SiN. Once again,
graphene exhibits significant low frequency noise which is two
orders of magnitude higher than the SiN membrane when con-
sidering the 1/f dominated noise. In both figures 9(f)i and ii the
bias voltage is 100mV.
In figures 9(f)iii and iv the noise is shown for a graphene
membrane suspended on a quartz nanocapillarly as described
previously [8, 12]. In both figures 9(f)iii and iv, the nanocapil-
laries have a ∼150 nm opening and are filled with 2 M LiCl.
The three traces, blue, yellow and green, are obtained for the
same set of capillary/graphene. In 9(f)iii the applied voltage is
200mV, considering the lower bias voltage, the capillary plat-
form compared favourably with the SiN shown in figure 9(f)ii
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[121]. The yellow trace shows the noise characteristic for the
nanocapillary with CVD graphene suspended across the open-
ing. In figure 9(f)iii, this sample has a collective defect area
equivalent to a circular pore of diameter 0.6nm whilst figure
9(f)iv has 2.1 nm.
In both cases, the noise is comparable to the suspended
graphene in both figures 9(f)i and ii indicating similar char-
acteristics across these samples. Within figures 9(f)iii and iv,
the green traces show the noise for the CVD membrane (yel-
low trace) after a pore is created via electroporation. The noise
of the graphene membrane with a ∼6 nm pore is an order of
magnitude higher thanwithout the pore. This is consistent with
other observations that by decreasing the amount of 2D mater-
ial which is supported—thus increasing suspended regions—
increases the overall noise of the membrane [112, 113, 121].
This notion is further cemented in figure 9(g) which presents
the noise spectra for layers of graphene membranes. Shown
here, is that the overall noisemagnitude decreases significantly
with additional layers of graphene [122].
Overall, DNA translocation across suspended monolayers
have been demonstrated however significant shortcomings are
identified. Several trade-offs are at play: membrane thickness
increases stability but reduces resolution; larger suspended
regions increase noise but also resolution; faster translocations
result in a more dramatic conductance peak however require
higher sampling to capture. Enhancements and tuning across
these various trade offs, by altering membrane thicknesses,
supporting structures and salt conditions will result in optimal
parameters to be found that balance these trade-offs.
8. Outlook and conclusion
Two-dimensional materials are still emerging and despite their
infancy, have shown significant promise for improving future
performance in power extraction and molecular sensing. How-
ever, remaining challenges are preventing their commercial
success. Despite recent work on roll-to-roll CVD manufac-
ture of graphene [22, 126, 127], upscaling membrane fab-
rication to commercial levels is still a challenge. Moreover,
there still remains gaps in understanding the precise effect
of membrane porosity both on selectivity and power extrac-
tion. For instance, it is thought that for atomic membranes,
conductance scales in a less than linear fashion with mem-
brane porosity [128]. And indeed, recent simulations have
shown extractable osmotic power to, initially, increase with
porosity but at a certain point show a sharp decrease [129].
Furthermore, in addition to pore distribution, pore geometry
plays a pivotal role in rectification which in turn affects
both leakage currents and extractable power as well as ionic
selectivity [130]. Fundamentally, however, shortcomings dis-
cussed previously pertaining to the monatomic thickness of
membranes must be overcome—namely relating to SNR and
mechanical stability. These are particularly pertinent when
consideringmechanical strength, pore fouling and sensing res-
olution. Overcoming these trade-offs will result in sacrificing
either sensing/selectivity performance or mechanical strength.
The future for these membranes is certainly hopeful, with
so many improvements demonstrated both in understanding
physical phenomena and nano-fabrication in the last decade.
As this review mainly addressed application in aqueous solu-
tion, it is worth noting that there is significant research in
the area of gas separation and sensing with 2D membranes
[131–133]. Most recently, impressive selectivity ratios of 32
have been demonstrated for CO2/N2 using a graphene/ionic
liquid hybrid [134] and a selectivity ratio of 97 is reported
by Jin et al [135] with iron intercalated reduced GO mem-
branes. With mounting environmental and societal problems
that could be answered by 2D membranes, improvements and
physical insights demonstrated in the coming decade will be
pivotal for their industrial and commercial viability.
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93 2006–9
[85] Gopinadhan K et al 2019 Science 363 145–8
[86] Nie L, Goh K, Wang Y, Lee J, Huang Y, Enis Karahan H E,
Zhou K, Guiver M D and Bae T H 2020 Sci. Adv.
6 eaaz9184
[87] Loan P T K, Zhang W, Lin C T, Wei K H, Li L J and
Chen C H 2014 Adv. Mater. 26 4838–44
[88] Zhang X, Wen Q, Wang L, Ding L, Yang J, Ji D, Zhang Y,
Jiang L and Guo W 2019 ACS Nano 13 4238–45
[89] Zhao Y, Huang D, Su J and Gao S 2020 J. Phys. Chem. C
124 17320–30
[90] Mouterde T, Keerthi A, Poggioli A R, Dar S A, Siria A, Geim
A K, Bocquet L and Radha B 2019 Nature 567 87–90
[91] Esfandiar A, Radha B, Wang F C, Yang Q, Hu S, Garaj S,
Nair R R, Geim A K and Gopinadhan K 2017 Science
358 511–13
16
J. Phys. D: Appl. Phys. 54 (2021) 183002 M Caglar and U F Keyser
[92] Chen X et al 2020 Adv. Mater. 32 1–7
[93] Ding L, Xiao D, Lu Z, Deng J, Wei Y, Caro J and Wang H
2020 Angew. Chem. Int. Ed. 59 8720–6
[94] Lin Y C et al 2014 Nano Lett. 14 6936–41
[95] Thomas M, Corry B and Hilder T A 2014 Small
10 1453–65
[96] Zhao S, Xue J and Kang W 2013 J. Chem. Phys.
139 114702
[97] He Z, Zhou J, Lu X and Corry B 2013 ACS Nano 7 10148–57
[98] Cohen-Tanugi D and Grossman J C 2015 Desalination
366 59–70
[99] Hirunpinyopas W, Prestat E, Iamprasertkun P, Bissett M A
and Dryfe R A 2020 2D Mater. 7 015030
[100] Hong S, Constans C, Surmani Martins M V, Seow Y C,
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